Muscloskeletal tissues, bone, cartilage, muscles and tendons regulate and support the body's actions and are differentiated from mesenchymal stem cells. These organs generate and/or respond to mechanical stress, which is inevitable in daily life. Among these tissues, cartilages play roles in articular function in joints where shear stress is loaded in combination with cyclical or intermittent compressive force by joint action, and provides a template for bone growth under compressive stress directed along the long axis of long bones. Along with soluble factors, such as cytokines and growth factors, mechanical stress has been recognized as one of the epigenetic factors that regulates the gene expression of various types of cells. Thus, the molecular mechanisms of the mechano-sensing, mechano-transduction, and mechano-response of cells have become a focus of connective tissue biology. Here, we will discuss the mechanisms through which differentiated chondrocytes and mesenchymal cells that are differentiating into chondrocytes respond to various types of mechanical stress by altering their phenotype and how these phenotypic changes are molecularly regulated. We will focus on the roles of cell-extracellular matrix interactions through integrins and downstream signaling pathways involving mitogen-activated protein kinases.
Introduction
Musculoskeletal tissues, bone, cartilage, muscles, and tendons support exercise and body functions such as walking, running, standing, eating, and speech. Among these tissues, bone and cartilage are continuously and repetitively loaded with body weight and muscle contractions by the activities of daily life. Bones support the body shape and protect organs from mechanical injury. Cartilages in the joints play roles in buffering the mechanical impact in joint movement as well as protecting against the friction generated by joint motion. During growth, in addition to aiding joint function, cartilages provide the templates for bone growth in the process of endochondral bone formation. Cartilage provides the growth potential of bone even under compressive mechanical loading, while bone itself is not capable of growth under the same conditions. On the other hand, appositional bone growth can progress without a cartilaginous template during membranous bone formation in non-weight bearing calvarial bones. Thus, bone and cartilage formation are closely related to each other and to the mechanical stress exerted on them.
The differentiation of bone and cartilage is regulated by growth factors and cytokines, such as Bone Morphogenetic Proteins (BMP), Fibroblast Growth Factors (FGF), Transforming Growth Factor (TGF) β, Epidermal Growth Factor (EGF), Connective Tissue Growth Factors (CTGF, CCN family), Wnt, Inteleukins (IL) and Prostaglandins (PG). BMP and TGFβ promote bone and cartilage formation via activation of smad proteins in intracellular signaling, which is negatively regulated by receptor tyrosine kinase pathways through mitogen activated-protein kinase pathways during chondrogenesis (1) (2) . On the other hand, inflammatory cytokines, such as IL-1β inhibit chondrogenesis through transcriptional regulation of type II collagen, a cartilage specific gene, and via Sox9, a transcriptional enhancer of type II collagen (3) (4) . Mechanical stress can also alter the differentiation of these cells into bone or cartilage. Indeed, our in vivo studies have indicated that expansive forces inhibit the differentiation of chondrocytes in rodent midpalatal suture cartilage while compressive forces enhance it (5) (6) .
In the present review, we will discuss the biological features of the chondrogenic differentiation of mesenchymal cells as well as the intracellular signaling activated by mechanical stress loading in the differentiation of mesenchymal cells into chondrocytes.
Chondrogenic differentiation of mesenchymal cells
The earliest sign of chondrogenesis is usually mesenchymal cell condensation after the migration of neural crest cells (7) .
Especially in the craniofacial region, cranial neural crest cells migrate into the branchial arches and provide progenitor cells for mesenchymal tissues, such as Meckel's cartilage, mandibular bone, and tongue muscles, while non-migratory mesenchymal cells differentiate into chondrocytes in the trunk region. Mesenchymal cell condensation begins with the loss of intercellular spaces, alteration of the extracellular matrix (ECM) and/or cell-cell adhesion, and changes in cytoskeletal architecture. Fig. 1 illustrates the pathway of chondrogenic differentiation from mesenchymal cell condensation. Integrins, fibronectin, neural cell adhesion molecule (N-CAM), N-cadherin, and tenascins are expressed during the aggregation of mesenchymal cells and play roles in the progression of cell condensation (8)(9)(10)(11) (12) . Downstream of these cell-ECM and cell-cell interaction molecules are intracellular kinases, phosphatases, and small-GTPases. BMP and other growth factors modulate cell signaling through these intracellular signaling molecules (13)(14) (15) . A family member of the mitogen-activated protein kinases (MAPK), extracellular signal-regulated kinase-1/2 (ERK-1/2) has been reported to regulate the expression of the cartilage specific transcriptional enhancer Sox9, which is expressed in condensed mesenchymal cells and enhances the expression of type II collagen (14) . Vol. 4, No. 3, 2009 Recently, further super-condensation immediately prior to the beginning of chondrogenic differentiation of aggregated cells has been reported to be regulated by Sox9 (16) .
After cell condensation, chondrocytes continue to differentiate and mature. Once they begin maturation, gene expression of cartilage specific macromolecules; i.e. type II collagen and aggrecan, increases to separate cells by producing ECM proteins. The cell-ECM and cell-cell adhesion established during cell condensation is released with the progression of chondrogenesis. The actin cytoskeleton is reorganized, and the cell becomes spherical. Interestingly, it has been demonstrated that the destruction of the actin cytoskeleton by cytochalasin-D induces mesenchymal cells to become spherical and promotes chondrogenic differentiation via up-regulation of type II collagen gene expression (17) (18) . Chondrocytes produce cartilage lacunae around themselves by regulating the balance among the production of the ECM, degradation of the ECM by secretion of matrix metalloproteinases (MMP), and inhibition of the ECM by tissue inhibitors of metalloproteinases (TIMP) (19) (20) and secondary chondrogenesis. Craniofacial bones; i.e., the calvarial and mandibular bones, ossify directly after mesenchymal cell condensation without chondrogenesis. In this cell condensation, the bone characteristic transcriptional enhancer Runx2/Cbfa1, bone-sialoprotein (BSP), and type I collagen are expressed prior to matrix calcification (24) . On the other hand, mandibular condylar cartilage is also formed as a secondary cartilage after mesenchymal cell condensation (25)(26) . This is Sox9 positive and is established at later stages compared to the primary cartilages that make the long bones in limbs. Interestingly, progenitor cells remain in the mandibular condylar cartilage (27) , which could have the bipotential to become chondrocytes and osteoblasts. It is generally believed that the mesenchymal cells at condensation have multi-potential to become different types of mesenchymal organs, such as bone, cartilage, muscles, and tendons.
The mechano-response of cartilage as a tissue
The mode of mechanical stimulation is classified into several types: shear stress, compression, and expansion, and the patterns of loading are also divided into a few types: continuous and intermittent or cyclical. In addition, the magnitude of loading could be defined as physiological or pathological. The responses of the cells to various mechanical stresses vary in their molecular mechanisms of mechano-sensing, mechano-transduction, and mechano-response.
Response to compressive force
Animal model studies investigating the effects of compressive forces have not demonstrated a clear conclusion. Some have indicated that compressive stress inhibits the expression of cartilage specific genes such as aggrecan and type II collagen and the synthesis of glycosaminoglycans (GAG), while contrarily, others have indicated that they promote aggrecan expression (28) and the synthesis of GAG. When continuous pathological stress is loaded onto articular cartilage, the mandibular condylar cartilage (29) and the articular cartilage of long bones (30) can not maintain its phenotype, while a physiological level of continuous compression induces differentiation of hypertrophic chondrocytes in midpalatal suture cartilage, which is not seen under static conditions (6) .
In a tissue culture model, cyclical compressive stress enhanced gene expression of type II collagen in tissue-engineered cartilage (31) and induced GAG synthesis in cranial base cartilage in spheno-occipital synchondrosis (32) (33) . In these studies, it was demonstrated that continuous compressive stress inhibits GAG synthesis. Furthermore, it has been reported that intermittent hydrostatic pressure is a key regulator of the maintenance of cartilage tissue during endochondral bone formation in a developmental context (34) . These studies employed differentiated cartilage or chondrocytes in their experimental models. On the other hand, continuous and progressive compressive strain resulted in increased chondrogenesis and increased gene expression of type II collagen and aggrecan as well as up-regulation of Sox9 expression when undifferentiated mesenchymal cells derived from limb buds were used in our previous study (35) . As described earlier, when secondary cartilages, such as midpalatal suture cartilages including progenitor cells, were subjected to compressive stress loading, chondrogenic differentiation was enhanced. In addition, a 3-dimensional tissue engineered culture used in our experiment showed that mechanical progressive compressive stimulation promotes chondrogenesis strain-dependently, while once overloaded, compressive stress completely inhibits chondrogenesis and survival. Thus, the inconsistency in the results concerning continuous compressive and cyclic stimulation may have resulted from differences in cell source, differences in the differentiation statuses of the cells used, or variation in magnitude of the mechanical stress applied in each experiment. Anyway, further investigations are needed to clarify the mechano-response of cartilage to various force magnitudes, modes of stimulation, and patterns of stimulation.
Response to expansive force or shear stress
Cartilages are generally not loaded with expansive stress or stretched because of their anatomical location and functional characteristics. They are located in joints or between two bones where compressive stress occurs. However, it could be important to clarify the mechanisms by which cartilage responds to various types of mechanical stress to explore the mechanisms of disease onset and progression in bone and cartilage disease.
Several animal model experiments using midpalatal suture cartilage have been reported (5)(36) (37) . The midpalatal suture cartilage of rodents is classified as a secondary cartilage and has bipotential progenitor cells as described above. When it was loaded with an expansive force using an orthodontic appliance, the cartilage was first divided into right and left halves with fibrous tissue between them, then, bone formation occurred from mesenchymal cell condensation formed between the cartilage and fibrous tissue. Finally, the midpalatal suture cartilage was replaced by bone. Similarly, when lateral pterygoid muscles were electrically stimulated in rats, the mandibular condylar cartilage was replaced by bone where the articular disc attached directly to the surface (38) .
In these in vivo models, it could be speculated that the mechanical stress loaded onto the cartilage was not a simple stretch but a combination of stretch and shear stress. Many of the previous studies have focused on the relationship between pathological cartilage changes and the effects of shear stress on cartilage tissue metabolism (30) (34) . It has been considered that excessive shear stress induces osteoarthritic degeneration of cartilaginous tissue. Indeed, when meniscectomy was analyzed using a finite element model, a medial meniscectomy induced excessive shear stress in the articular cartilage, which explains the cartilage degeneration that occurs in the knee joint after surgical intervention (39) . A tissue culture model using osteoarthritic cartilage indicated that application of shear stress increased the release of proinflammatory mediators, such as nitric oxide, and decreased the expression of aggrecan and type II collagen (40) (41) .
In our previous studies using a stretch culture system (42) (43) , we found that stretch Vol. 4, No. 3, 2009 stimulation inhibited chondrogenic differentiation of mesenchymal cells derived from a rat limb bud. When a micromass culture was subjected to a stretch stimulation, the progression of chondrogenic differentiation was arrested at the start of the stretch stimulation. The exponential increase in type II collagen gene expression seen in normal micromass culture was arrested at the level at which the mechanical stretch was applied. The gene expression of Sox9 seen in a non-stretched culture was also diminished by stretch stimulation. Taken together, expansive stress and shear stress apparently inhibit chondrocyte metabolism, phenotype maintenance, chondrogenic differentiation, and induce pathologic degeneration of cartilage during disease progression in osteoarthritis.
The mechanical stress response of intra-cellular signaling cascades
The intracellular response to mechanical stress is established by a complex combination of intracellular signaling pathways downstream of cell-ECM adhesion, cell-cell adhesion, ion exchange between cells and their environment, and growth factor signaling through receptors. When considering the mechano-response as a regulatory mechanism of cytodifferentiation, it is important to note that cross-talk occurs between the mechano-transduction signaling pathway and phenotypic regulatory pathways during skeletal tissue formation involving smad, MAPK, β-catenin, and GSK3β, downstream of TGF superfamily members, ligands for receptor tyrosine kinases, Wnt, and hedgehogs, respectively. Here, we will discuss the cell-ECM adhesion and activation of the MAPK pathway, in relation to mechanical stress response during chondrocyte differentiation.
Cell-ECM adhesion through integrins
Cell-ECM and cell-cell adhesion and their alteration are key events during mesenchymal cell condensation for the initiation of chondrogenesis as described above. N-cadherin and N-CAM are cell-cell adhesion molecules expressed during mesenchymal cell condensation; however, they have never been reported to be involved in mechano-response in chondrocytes or cartilages. On the other hand, integrins adhere to ECM macromolecules, such as fibronectin, tenascin, and collagens, through the amino acids of their arginine-glycine-aspartic acid (RGD) sequence. At the beginning of mesenchymal cell condensation, fibronectin accumulates in the ECM of cartilaginous anlages (10) . In addition, integrins are expressed on cells in mesenchymal condensation. Thus, integrins have been focused on as strong candidates for mechano-responsive molecules in vascular endothelial cells, fibroblasts, and chondrocytes. Recently, integrins and their downstream signaling pathway have been suggested to be involved in the mechano-transduction and mechano-sensing of shear stress, hydrostatic pressure, osmotic force, and stretching in a variety of cells (44) .
In our previous studies, we discovered that the expression of α5 and β1 integrins, which are fibronectin receptors, is increased in fibroblastic cells in the fibrous tissue formed in midpalatal suture cartilage during the mechano-response to expansive force application (42) .
Cells responding to mechanical expansion develop actin stress fibers, express and accumulate paxillin and vinculin in cytozole and/or focal adhesion complexes, and activate the ERK-1/2 signaling cascade by phosphorylation and nuclear translocation of these signaling molecules (45) . Thus, it could be considered that the cell adhesion molecules and related proteins in focal adhesion complexes are involved in in vivo mechano-transduction pathways.
To clarify the roles of cell-ECM adhesion through integrins on mechano-sensing, we examined various molecular changes after stretch stimulation. Gene expression of β1 integrin was transiently up-regulated after stimulation, while that of α5 integrin did not Vol. 4, No. 3, 2009 change significantly, when a continuous stretch was exerted on differentiating chondrocytes in micromass culture. Recently, it was demonstrated that growth of mandibular condylar cartilage was modulated by cell-ECM adhesion through integrin, when a mandible was protruded by functional orthopedic appliances (46) . When integrin mediated adhesion was inhibited by GRGDSPK peptide, inhibited chondrogenesis, in terms of the gene expression of type II collagen and GAG accumulation, was completely rescued in the stretched micromass culture (43) . However, integrin mediated cell-ECM adhesion inhibited by specific antibodies against α2, α5, or β1 integrins, rescued chondrogenesis from inhibition by stretching. No specificity was distinguished between the antibodies (43) .
Taken together, integrin is responsible for the mechano-response during chondrogenic differentiation of mesenchymal cells; however, additional experiments are needed to specify the integrin subtypes that contribute to the mechano-response. It could be considered that different sets of heterodimers of α and β integrins are involved in focal adhesion complexes that share the same function and compensate for each other during different mechanical stress environments. The function of each integrin monomer has never been specified; therefore, further investigations are needed to clarify the mechanisms through which integrins sense and transduce mechanical stress.
Signal cascades through MAPK
Under the control of integrins, MAPK transduce intracellular signals to the nucleus. In general, after the activation of small-GTPases, such as Rac, Ras, or Cdc42, MAPKKK, then MAPKK are activated and phosphorylate MAPK, ERK, p38-MAPK, and JNK. Among these three major MAPK, ERK-1/2 has been implicated as a negative regulator of chondrogenesis (14) (15) . ERK-1/2 was reported to be activated downstream of receptor tyrosine kinase signaling, such as by FGF or EGF in various type of cells (47) (48) . Activated ERK-1/2 inhibits the BMP signaling pathway by phosphorylating the linker region of smads, which are signaling molecules downstream of BMP that promote chondrogenesis and osteogenesis in various contexts; i.e. during development of skeletal tissues, tooth movement, and fracture repair. On the one hand, mechanical stress activates various types of MAPK including ERK in various types of cells. Fluid shear stress activates JNK, p38-MAPK, and ERK in vascular endothelial cells (49) (50) , as well as dynamic compression of chondrocytes involved in activation of the MAPK pathway (51) . In our experiment, we demonstrated that mechanical stretching transiently activates ERK-1/2 but not p38-MAPK or JNK in micromass culture. Even when protein synthesis was inhibited by cycloheximide in a stretched culture, phosphorylation of ERK-1/2 was induced. In addition, gene expression of ERK-1/2 was not affected by mechanical stimulation. Thus, mechanical stretching directly activates the ERK-1/2 pathway. When MEK-1 or MEK-1/2 are inhibited by PD98059 or U0126, respectively, chondrogenesis inhibited by mechanical stretching is rescued. Gene expression of type II collagen and GAG accumulation are returned to normal levels in stretched micromass cultures by inhibition of ERK-1/2 phosphorylation (52) . As described earlier, activation of ERK-1/2 has been shown to inhibit chondrogenesis; therefore, activation of the ERK-1/2 pathway by stretch stimulation is involved in the mechano-sensing signaling pathway.
The future direction of chondrogenesis mechanobiology
Mechanobiological studies have been promoted by the progression of bioengineering. Micro/Nano engineering has enabled us to construct complex devices for biomedical research. Measuring actual stress and strain in tissues is still very difficult; however, Vol. 4, No. 3, 2009 simulations that help us to understand the biomechanical features of tissue and organs are becoming more reliable. Indeed, 3-dimensional finite element models have enabled us to analyze the biomechanical properties of tissues and devices used in mechanobiological experiments. Many different types of bioreactors and culture devices have been developed using micro-devices recently (53) . We have also developed a mechanical stress culture device to regulate stress/strain gradient using a polydimethylsiloxane (PDMS) membrane (31) . As shown in our previous study, compression and tension can be loaded onto a culture seeded on a PDMS membrane using this culture device. Our device is also capable of loading static and dynamic stress onto a culture. Quantitatively regulating the biomechanical conditions in such experiments is one of the most important factors for the future of mechanobiology.
On the other hand, investigating the crosstalk among the variety of signaling pathways involved in mechanical stress response is important. As of today, molecules such as stretch activated channels, the cytoskeleton and related proteins, and cell-ECM and cell-cell adhesion molecules are believed to be involved in the mechano-responsive elements of chondrocytes as described above. Comprehensive proteomic analysis of mechano-responses will become more important than ever before.
As described above in the issue regarding the tissue response of cartilage, chondrocytes are apparently capable of sensing the direction of the force applied to them. Chondrocytes have polarity in their cellular architectures; therefore, the direction of a force can be distinguished by cytomechanics. However, how the molecular architecture and mechanics recognize the direction of the force as well as which molecular structure senses the force or stress is unclear.
Mechanobiology is a rapidly developing field of science and has progressed exponentially since the end of the last century, when tissue engineering and micro/nano bioengineering first became popular. On the basis of functional anatomy, since cartilages act under compressive loading and shear stress during joint motion, tissue engineered cartilage should be reconstructed to function under mechanical stress. As the molecular mechanisms of the mechano-response, mechano-sensing, and mechano-transduction of cells and tissues are progressively clarified, these concepts should be incorporated into tissue engineering. By combining nano/micro bioengineering technology and molecular mechanobiology, it is expected that the tissue reconstruction of cartilage as a functional unit of the human body will be achieved.
Conclusion
Mechanical stress is the most common environmental factor exerted on cells and tissues. Skeletal tissues, bone, and cartilage are the organs that support body movement under various mechanical loads and muscle functions as described earlier. Chondrocytes respond to mechanical stress by sensing the direction of the force through cell-ECM adhesion and downstream signaling through ERK as illustrated (Fig. 2) . Further investigations are necessary to clarify the acting point of mechanical stresses and the intra-molecular mechanisms that sense mechanical stress. 
